Abstract The dynamics of crop genetic diversity need to be assessed to draw up monitoring and conservation priorities. However, few surveys have been conducted in centres of diversity. Sub-Saharan Africa is the centre of origin of sorghum. Most Sahel countries have been faced with major human, environmental and social changes in recent decades, which are suspected to cause genetic erosion. Sorghum is the second staple cereal in Niger, a centre of diversity for this crop. Niger was submitted to recurrent drought period and to major social changes during these last decades. We report here on a spatio-temporal analysis of sorghum genetic diversity, conducted in 71 villages covering the rainfall gradient and range of agro-ecological conditions in Niger's agricultural areas. We used 28 microsatellite markers and applied spatial and genetic clustering methods to investigate change in genetic diversity over a 26-year period (1976-2003). Global genetic differentiation between the two collections was very low (F st = 0.0025). Most of the spatial clusters presented no major differentiation, as measured by F st , and showed stability or an increase in allelic richness, except for two of them located in eastern Niger. The genetic clusters identified by Bayesian analysis did not show a major change between the two collections in the distribution of accessions between them or in their spatial location. These results suggest that farmers' management has globally preserved sorghum genetic diversity in Niger.
Introduction
Crop genetic diversity and its dynamics are the results of a complex process involving both natural and anthropogenic drivers. Diversity can be threatened at different levels in agrosystems: species, varieties and within varieties. The replacement of ancestral landraces by improved varieties in centres of genetic diversity has been identified as the greatest source of genetic erosion, i.e. loss of genetic diversity, on an intraspecific level (as reported by Brush 1989) . However, farmers in many parts of the world are conserving traditional varieties even as they modernize and adopt improved varieties. The rate and extent of landrace replacement by modern varieties is context-specific (Brush 1989; Brush and Meng 1998) . Small-scale farmers address multiple concerns that no single variety can satisfy and this diversity of interests and concerns translates into the use of diverse varieties (Bellon 2009) .
Factors that influence farmers in maintaining intraspecific diversity were classified by Bellon (1996) who distinguished economic, ecological, political, social and cultural factors. Socio-economic, environmental and cultural data have been used as potential diversity or genetic erosion indicators in centres of traditional crop diversity (Cromwel and van Oosterhoust 2000; Peroni and Hanazaki 2002; Van Etten 2006; Willemen et al. 2007; Rana et al. 2007 ). These proxy indicators, coupled with farmers' perception and knowledge of currently cultivated and abandoned landraces, have made it possible to assess both the gain and loss of traditional varieties.
Indicators for investigating genetic structure of landraces range in technique from molecular genetic to anthropological (cited in Brown 2000) . This author assembled them in five classes: allelic richness and genotypic diversity, special adaptation to the local environment, scale of localized diversity, temporal changes in genetic composition to meet environmental variation and crop evolutionary process. Some of these indicators have made it possible to assess the temporal trend of genetic diversity and, above all, to understand the impact of plant breeding for major crops cultivated in Europe (bread and durum wheat, maize, barley and oat) thanks to the accessions registered in Genebanks at different periods (Donini et al. 2000; Roussel et al. 2004; Le Clerc et al. 2005 , 2006 Martos et al. 2005; Roussel et al. 2005; Reif et al. 2005; Nersting et al. 2006; Figliuolo et al. 2007; Malysheva-Otto et al. 2007) . Most of these studies concluded either on a reduction in genetic diversity due to the modernization of agriculture, or to stability even though regional change might occur.
The difficulty of temporal analysis based on on-farm diversity principally resides in the need to collect similar data at different periods. Studies to estimate in situ genetic erosion in centres of diversity with time-series data are still scarce. Teshome et al. (2007) collected sorghum varieties in the same 260 fields randomly selected across Ethiopian communities at intervals over 8 years. Morin et al. (2002) took a similar approach on rice at intervals of over 2 years in 15 villages of the north-eastern Philippines. The time scale considered in both studies was small, as was the spatial scale. To obtain larger-scale spatial and temporal analyses, well-documented and conserved genebank collections are an asset. They can serve as a starting point for temporal studies of varietal and genetic diversity in traditional agrosystems. This approach was taken by Teklu and Hammer (2006) , Mekbib (2008) and Barry et al. (2008) who re-sampled wheat and sorghum landraces in eastern Ethiopia and rice landraces in Maritime Guinea, respectively.
A similar approach, using a germplasm collection and resampling at the same sites, was taken in this project. We focused our analysis on Niger, where intensive collection was carried out in evenly distributed villages in 1976. In that country, sorghum is the second most cultivated crop and the largest share of sorghum production still comes from landraces grown in traditional agrosystems under rainfed conditions. Major human and environmental changes have occurred in Niger in recent years. Annual sorghum production and the human population have steadily increased over the past three decades. Several recurrent droughts occurred in the Sahel during the 1970s and 1980s. A substantial continuous rainfall deficit of roughly 20-50% was reported by different authors over the 1970-1990 period compared to the previous twenty-year period (Hulme 2001; Nicholson 2005) . All these factors are assumed to cause genetic erosion. We assessed changes in the diversity and geographical distribution of cultivated sorghum and pearl millet varieties in Niger between 1976 and 2003 based on their names and on their botanical groups (Bezançon et al. 2009) . No erosion of sorghum varietal diversity was noted on a national scale. Few changes were observed in the geographical distribution of certain varieties, mainly varieties from the bicolor race, known to be the major source of sweet sorghums.
We report here on a complementary analysis of the temporal dynamics of sorghum genetic diversity assessed with molecular markers. We used a panel of methods including spatial analysis and GIS tools to investigate change in genetic diversity on different scales. Genetic clustering methods were also used to track the dynamics of genetic diversity within genetic groups. We used different diversity statistics to investigate the dynamics of genetic diversity. Genetic differentiation between the two collections was also investigated with the extensively used F st parameter, based on the H e index and a measure of differentiation based on corrected allelic richness, as proposed by El Mousadik and Petit (1996) .
Materials and methods

Collection of sorghum varieties
The two reference collections for the temporal analysis were 1976 and 2003. The 1976 sample was collected in 183 villages (FAO-Orstom 1977) and conserved at IRD (Montpellier, France). The second sample was collected in 79 villages previously sampled in 1976. The villages were selected to cover the rainfall gradient and range of agro-ecological conditions. Our second collection and sampling strategy were fully described elsewhere (Deu et al. 2008; Bezançon et al. 2009 ). Briefly, during the two collections, varietal inventories and associated information on crop uses, seed origins, agricultural systems and social organizations were reported through farmer interviews. In each village visited, varietal inventories were followed by sampling of all named varieties. Each named variety in a village was collected and represented by one sample (or accession), provided by one farmer. In 2003, modern varieties were also collected as opposed to the 1976 collection, which focused solely on traditional varieties or landraces. We finally analysed the genetic diversity for sorghum accessions in 71 common villages where sorghum varieties were found for the two collections.
Racial characterisation
Cultivated sorghums (Sorghum bicolor L. Moench), which are predominantly selfing, belong to the ssp. bicolor. They are classified in five main botanical races (bicolor, caudatum, durra, guinea, and kafir) and ten intermediate races (Harlan and de Wet 1972) .
Racial characterisation, based on panicle and spikelet morphology, was carried out in accordance with this classification. In addition, we used Snowden's taxonomy (1936) to identify margaritiferum varieties within the guinea race and membranaceum within the durra race.
SSR analysis
For each accession collected, DNA was extracted from a single plant. Twenty-eight SSRs distributed throughout the 10 chromosomes of sorghum (Kim et al. 2005) were assayed on the 244 accessions collected in 1976. The 2003 collection had been previously characterized with the same set of markers (Deu et al. 2008) . Genotyping was conducted at the Languedoc-Roussillon Génopole platform located on the CIRAD campus in Montpellier (France) following methods previously described (Barnaud et al. 2007; Deu et al. 2008 ).
Genetic diversity and erosion indices and distribution
Nei's unbiased gene diversity or expected heterozygosity (H e , Nei 1987), observed heterozygosity (H o ), the total number of alleles (A t ) and their frequencies, and allelic richness were estimated for each locus and each collection using FSTAT software (Goudet 2002) . Allelic richness (R s ), based on the rarefaction method (Petit et al. 1998) , is an evaluation of the expected number of alleles for an equalized sample size. The number of private alleles (A p ) was detected by GDA software version 1.1 (Lewis and Zaykin 2001) . We also calculated the mean number of alleles (A) and the mean allelic richness (R sm ) across loci. The significance of R s, H e and H o between samples was tested using a Wilcoxon paired-rank test.
We used F statistics to compare collection differentiation. An estimator of F st (h, Weir and Cockerham 1984) was computed with Genetix software and tested for its significance with 10,000 permutations (Belkhir et al. 2002) .
To explore genetic diversity and its evolution and distribution on smaller scales, we used a panel of methods to cluster accessions within each collection, and to compare clusters between collections. First, we defined ''a priori'' clusters, based on geographical and/or climatic data as described in Deu et al. (2008) . Three longitudinal classes (4°interval), which roughly corresponded to western, central and eastern regions in Niger were created. In addition, three main annual rainfall classes were also defined: ''less than 400 mm'', ''between 400 and 500 mm'', and ''more than 500 mm''. Secondly, we defined spatial clusters based on longitudes and latitudes of the inventoried villages. As the villages where accessions had been collected were not completely evenly spaced, a distance method could have resulted in some spatial clusters having many villages and others with few, and within some of them, a smaller number of accessions. This can be dealt with by setting the neighbourhood size to some number of nearest neighbours. However, although this method controls the number of villages (and accessions) in each neighbourhood, it does not assume a constant area for each spatial unit. We fixed the number of villages at 9 in each cluster in order to avoid too large a spatial scale and to have a minimum number of 15 accessions per cluster in each collection. This limit was a constraint arising from the collection carried out in 1976, for which fewer accessions were collected in most villages. We obtained 71 clusters of villages that were not independent spatial units, i.e. one village was attributed to different spatial units and consequently one accession was attributed to various clusters. Thirdly, we defined genetic clusters of varieties by using Bayesian model-based clustering implemented in Structure version 2.1 software (Pritchard et al. 2000; Pritchard and Wen 2002) . We applied this method to assess comparisons of paired genetic clusters between the two collections. We used the admixture model, without prior population information, which assumed that the genome of individuals was a mixture of genes originating from K unknown ancestral populations. This model estimated the proportion of membership (genome ancestry) of each individual in each of the K ancestral populations. We ran analyses on the joined set grouping the two collections. The main modelling assumption was Hardy-Weinberg equilibrium within populations. This assumption could be relaxed by using haploid data (Ostrowski et al. 2006) . For each sorghum accession, the residual heterozygosity found at some loci was transformed into missing data. It was thus possible to obtain haploid data, which were more accurate in our study due to the self-breeding system of cultivated sorghum and the merging of two sets of varieties collected on different dates. We restricted our analyses to the correlated frequency model. This model was considered more efficient for detecting a subtle population structure or complex genetic structure and more accurate when a single domestication was established. We set other parameters to their default values. We ran analyses 10 times for each K value from one to 15 with a burn-in period of 500,000 followed by 1 9 10 6 iterations. To assess the number K of populations supported by the dataset, we used the log likelihood and the change in the second order of the log likelihood DK (Evanno et al. 2005) . For complex data sets, inferring K is difficult because the algorithm may converge to numerous distinct clustering schemes for a given value of K, so that estimated probabilities differ across runs (Rosenberg et al. 2002) . A division of data sets into different groups corresponding to the best assignment of individuals to groups made by Structure is efficient in some complex hierarchical schemes to detect the hidden withingroups structure (Evanno et al. 2005) . Consequently, as multiple solution clustering appeared for K C 2, we subdivided our initial sample for further analyses into the two clusters identified at the uppermost level. The second round of analyses was only applied to accessions showing more than 80% ancestry in one cluster. We ran a new structure analysis, within each cluster, for K values from 1 to 10, with identical parameters to those applied to the whole set. Finally, we also tested the Bayesian model-based clustering implemented in the InStruct software (Gao et al. 2007) . This model eliminates the assumption of Hardy-Weinberg equilibrium within clusters and could be more appropriate to inbreeding species, such as sorghum. We ran analyses with a total number of 200,000 iterations, including a burnin period of 100,000 iterations. We made both inference of population structure and the selfing rates for subpopulations and performed five independent simulations for each K value (from 1 to 10).
Genetic diversity parameters (H e , R s ) and genetic differentiation (F st ) were calculated for each cluster defined by the three methods (geographical and climatic clusters, spatial clusters and genetic clusters). We calculated allelic richness with the same smallest sample size for the different clusters: geographical clusters (63 accessions), climatic clusters (41 accessions), genetic groups obtained on the finer level of structuring (11 accessions).
For spatial clusters, allelic richness was calculated cluster by cluster, with a number of accessions varying between clusters. In addition, for each spatial cluster, we computed a differentiation for allelic richness according to the method proposed by El Mousadik and Petit (1996) :
where R S(n) is the average across the two collections of the allelic richness across loci and R T(n) is average allelic richness across loci, the two collections being pooled. We also calculated the diversity difference between the two collections DR sm = R sm (2003) -R sm (1976) and DH em = H e (2003) -H e (1976) . These differences between the two collections were projected for each spatial cluster onto the Niger map with Quantum GIS software version 1.1.0 (http://qgis.osgeo.org).
Variation in the distribution of accessions within the genetic clusters was assessed with a v 2 test performed on contingency tables. Changes in genetic cluster locations were also assessed between the two collections. To do so, a Student test was used to compare latitudes and longitudes of varieties belonging to each cluster between the two collections. 
Results
Country-scale analysis
Smaller-scale analysis
Geographical and climatic clusters
Three geographical regions were considered: East, Centre and West. Significant genetic differentiation between the two collections was only detected in western region (F st = 0.0068, P \ 0.05). Three climatic zones were considered but no significant genetic differentiation was found (Table 1) . Allelic richness was significantly higher in the 2003 collection for the three defined regions (West, Centre and East), and for the three climatic zones, except for the most humid zone ([500 mm). Gene diversity also showed a significant increase in the 2003 collection in two regions (Centre and East) and in the drier area. Observed heterozygosity was significantly lower in the 2003 collection in two regions (West and Centre) and two climatic zones.
Spatial clusters
The clustering method based on aggregation of the 9 closest villages gave 71 clusters, each of them centred on one village. The number of accessions per cluster and per collection varied from 15 to 94. The average number of accessions by cluster was 30.7 and 56.3 for the 1976 and the 2003 collections, respectively.
Genetic differentiation (F st ) between the two collections varied from 0 to 0.034 for the 71 clusters. Nine clusters showed a significant differentiation (P \ 0.05) with F st above 0.018. This number was higher than one would have expected by chance with a 5% threshold and 71 tests (v 2 = 8.8, P \ 0.004). These nine clusters were found in two main areas (Fig. 1a) : south-western Niger and N number of varieties included in each group, A t total number of alleles, A p number of private alleles (present in a single group), A mean number of alleles, R sm mean allelic richness (R s ) across loci for each group based on a minimum number of gene copies, H e unbiased gene diversity (or expected heterozygosity), H o observed heterozygosity, F st average genetic differentiation between 1976 and 2003 collections for each group, NS not significant, nc parameter not calculated (due either to a reduced number of varieties within groups, or to the non-assignment of varieties), UNC designed varieties that could not be assigned to a genetic cluster at K = 2 by structure analysis * Significant at the 5% threshold; ** Significant at the 1% threshold; *** Significant at the 1% threshold Theor Appl Genet (2010) 120:1301-1313 1305 north-eastern Niger. We also found a significant increase in allelic richness in these nine clusters (Fig. 1b) , eight of them being significant at P \ 0.01. The increase in allelic richness appeared greater in north-eastern Niger (DR sm [ 1.5) compared to south-western Niger (DR sm from 0.6 to 0.9). Finally, we also observed a decrease in allelic richness (DR sm = -0.47, P \ 0.05) for two closed clusters located further east and south (average longitude and latitude: 10.82 and 13.56) from the north-eastern area identified above. Globally, most of the clusters showed an increase in allelic richness. The increase was significant (P \ 0.05) in 53 clusters (54.9%) and still significant in 37 of them at P \ 0.01. Gene diversity (data not shown) also increased in a large number of them (64.8%) and the increase was significant for 26 clusters at P \ 0.05 and for 18 of them at P \ 0.01. In north-eastern Niger, gene diversity also significantly increased (P \ 0.001) in the same five clusters described above. Surprisingly, a significant decrease of gene diversity was also revealed in four clusters (data not shown) located in the most extreme part of western Niger (P \ 0.01). These clusters presented a non-significant F st and an increase in allelic richness (P \ 0.05). Petit (1996) . q values were distributed into four classes showing equal intervals. Allelic differentiation is higher in clusters located in eastern Niger. S significant, NS non-significant Finally, patterns of differentiation based on allelic richness indicated that differentiation was greater (from 0.06 to 0.208) than that calculated with F st (Fig. 1c) . This differentiation was particularly high in most of the clusters located in eastern Niger (above 8°longitude).
Genetic clustering
A Bayesian population structure analysis implemented in the Structure software was first performed on the whole panel, i.e. constituted by merging the two collections. The log likelihood increased steadily from K = 1 to K = 15 (shown in Supplementary Electronic File 1) . To assess the number of populations K retained, we considered the parameter DK based on the changes in log likelihood (Evanno et al. 2005) . The DK identified a K value of 2 as a possible value (shown in Supplementary Electronic File 1) . For larger values of K, we did not observe constant membership coefficients for a large number of individuals, suggesting some instability in the inference of higher population structure. Using K = 2, we found 382 accessions showing more than 80% ancestry to one cluster (named cluster 1) and 266 to the second one (named cluster 2). Fifty accessions showed membership coefficients under 80% for either cluster. These two clusters broadly corresponded to a geographical first-order differentiation between varieties from western and eastern Niger. This geographical differentiation was confirmed by the highly significant Student test performed on longitudes (P = 3.81 9 10 -33 , average longitudes of 4.43 and 7.05 for cluster 1 and 2, respectively).
To identify the sub-structure present in each ''upper genetic group'', we separately ran new structure analyses on each of the two identified clusters. For the first cluster, we observed a steady increase in the log likelihood (shown in Supplementary Electronic File 1) from K = 1 to K = 10. We thus selected the smallest value of K that captured the major structure in the data as proposed by Pritchard and Wen (2002) , which assured the congruence between the different runs and made it possible to assign a large share of varieties. Within cluster 1, we adopted K = 5, as for that value a larger number of accessions could be attributed to the sub-groups [88.2% of accessions were assigned at the threshold of 80% of the genome in the group and most of the assigned accessions (90.2%) had membership coefficients over 90%]. The different sub-groups within cluster 1, called a, b, c, d and e, respectively corresponded broadly to a racial structure already detected in the 2003 collection (Deu et al. 2008) . Sub-group a was mainly composed of durra, intermediate durra, some bicolor (called Takanda: sugary sorghums) and unclassified accessions. Originating from the western region, sub-group b was composed of caudatum accessions: a large share of them were called Jan Jare, both present in the two collections, or were improved varieties only present in the recent collection. Sub-group c was mainly composed of caudatum and intermediate caudatum accessions. Sub-group d only contained guinea margaritiferum accessions (characterized by their smaller grain compared to other guinea) and sub-group e was mainly composed of guinea non-margaritiferum. Sub-group d was also the most homogenous for the vernacular names: three names (Socomba, Malle and Kierma) defined 94% of the accessions in this sub-group. The other sub-groups clustered accessions bearing a larger diversity of names. An extreme case was found in sub-group e, in which most accessions were differentially named within each collection (16 names for 18 accessions and 27 names for 31 accessions, respectively within the 1976 and 2003 collections).
Within cluster 2, the log likelihoods increased steadily from K = 1 to K = 4 and then tended to show a plateau (shown in Supplementary Electronic File 1). If we excluded a run from K = 3 with a log likelihood of -3,467 showing a clear convergence to a local maximum (the other 9 log likelihoods varied between -3,365 and -3,367 for K = 3), both biological significance and DK (shown in Supplementary Electronic File 1) enabled us to choose K = 3. For this value, 83.5% of accessions could be assigned and, of them, 89.6% had membership coefficients over 90%. The different sub-groups called f, g and h corresponded broadly to a geographical structure. Sub-group h was significantly located at the extreme East of Niger (average longitude: 8.06), while the average longitudes for f and g were 6.12 and 6.52, respectively (P \ 0.001). The differentiation between sub-groups f and g was also due to the botanical types. Two principal varieties called Matche da Koumnya and Makaho da Wayo constituted sub-group f (64.5% of the accessions). These varieties had specific morphotypes described in Deu et al. (2008) .
The second Bayesian model implemented in the Instruct software also permitted to identify two clusters on the whole panel. We found 364 accessions showing more than 80% ancestry in cluster 1 (all of them were also attributed to cluster 1 with Structure software) and 259 in the cluster 2 (all except 2 were also attributed to this cluster with the Structure software). Seventy-five accessions showed membership coefficients under 80% (compared to the 50 identified by the Structure software). Within this new cluster 1, we also identified the same five sub-groups that were previously defined with the Structure software. Most accessions were attributed to the same sub-group with the two models. Among the 312 accessions attributed with the InStruct software to each one of the five sub-groups, 307 were identically attributed with the Structure software. So, we finally presented the results obtained with the Structure software which has permitted to attribute a larger number of accessions in the whole panel and then, within the cluster 1.
For the first cluster, we observed the same pattern of variety distribution among the five sub-groups (a, b, c, d, e) between the 1976 and 2003 collections (v 2 = 6.15, P = 0.19). A moderate significant differentiation between the collections appeared for sub-group b (F st = 0.0382, P \ 0.05). F st between collections for groups a, c, d, and e were not significant (Table 2) . Allelic richness and gene diversity significantly increased in the 2003 collection for sub-group a (durra and some accessions from the variety named Takanda), H e increased for sub-group b (caudatum) and R s for sub-group d (guinea margaritiferum). For the second cluster, the distribution of accessions in the three sub-groups (f, g, h) showed a highly significant change between the two collections (v 2 = 12.16, P = 0.002). This significant change was mainly due to a large increase in frequency of sub-group f accessions, and, to a lesser extent, to a reduction in sub-group g in the 2003 collection. However, these sub-groups did not present a significant genetic differentiation between the two collections, as highlighted by the different estimators (F st , H e , and R s ). 
Discussion
The evolution of sorghum genetic diversity in Niger was assessed over the past three decades in 71 villages, covering the rainfall gradient and range of agro-ecological Within cluster 1, a, b, c, d, e are the genetic sub-groups identified by structure analysis and within cluster 2, f, g, and h are the genetic sub-groups identified by structure analysis. Unc Cl1 and Unc Cl2, respectively designate the varieties assigned at K = 2 in cluster 1 and 2 that could not be attributed to a sub-group by structure analysis N number of varieties included in each group, A t total number of alleles, A p number of private alleles (present in a single group), A mean number of alleles, R sm mean allelic richness (R s ) across loci for each group based on a minimum number of gene copies, H e unbiased gene diversity (or expected heterozygosity), H o observed heterozygosity, F st average genetic differentiation between 1976 and 2003 collections for each group, NS not significant, nc parameter not calculated (due either to a reduced number of varieties within groups, or to the non-assignment of varieties) conditions of Niger's agricultural areas. The starting point was the germplasm collection constituted in 1976 and this collection was compared to a new collection assembled in 2003.
SSR markers pinpointed significant greater allelic richness and gene diversity in the 2003 collection but the differentiation between the two collections was low (F st = 0.0025). On a more localized scale, significant but low differentiation was only found in western Niger (F st = 0.0068) and allelic richness increased both within regions and within climatic zones, except in the most humid zone. Our results indicate that the evolution of genetic diversity identified over these last three decades, was moderate, positive and unevenly distributed. A decrease of observed heterozygosity in the 2003 collection is also observed. We speculated that farmers have paid more attention to their seed production and have better controlled the purity of the varieties that they grown. Our hypothesis is supported by the stronger decrease of observed heterozygosity in central Niger, which was more affected by rural development and presented the most advances in term of agricultural practices. We cannot attribute the maintenance of the genetic diversity solely to the presence of modern varieties in the 2003 collection. The rate of farmers' adoption of improved varieties found in Niger is low (4.8%) and close to the other estimations in western Africa (Bezançon et al. 2009 ). We have tested their impact by discarding them from the global analysis and the analyses conducted for geographical and climatic clusters (data not shown). Results on gene diversity, observed heterozygosity, allelic richness and differentiation were similar. The increase of allelic richness remained only significant in the central region and in the drier zone when improved varieties were discarded.
Globally, our results are in agreement with the maintenance of sorghum varieties in eastern Ethiopia for 40 years assessed by a temporal survey based on both the number and names of varieties (Mekbib 2008) . Similar results were obtained in Maritime Guinea by Barry et al. (2008) in their diachronic assessment of rice genetic diversity measured with both the names and numbers of collected varieties, and SSR markers. Opposite results were found by Teklu and Hammer (2006) who identified strong genetic erosion (i.e. loss of landraces) in tetraploid wheat landraces in eastern Ethiopia.
The uneven distribution of loss/gain in sorghum landraces between communities or regions was also reported in Ethiopia (Teshome et al. 2007) , and in Mali (Kouressy et al. 2008) . In Mali, a great loss of varieties was reported in the more humid Sudanian zone, which was not balanced by the introduction of new varieties. Kouressy et al. (2008) , however, pinpointed the appearance of some varieties in the Sahel zone. These authors suspected that these new varieties are improved ones, diffused by the Malian research center (IER, Institut d'Economie Rurale). This loss of sorghum varieties in southern Mali was attributed to competition with maize for a limited area (Traoré et al. 2000) , a crop that makes better use of inputs arising from the development of cotton cultivation. In Ethiopia, teff and chickpea tended to displace sorghum varieties, because of their higher commercial value and their quick maturation (Teshome et al. 2007 ). In Niger, annual sorghum production has steadily increased over the past three decades in response to the doubling of the population. The larger share of sorghum production still comes from farmers' landraces as the adoption of modern varieties is limited. The increase in arable land was around 40% between 1980 and 2000 and the land used for permanent crops doubled over the same period (FAO 2008) . No cash crop competes in Niger with traditional cereal crops as in Mali. In this context, we suspected that the use of marginal lands in Niger, linked to the strong increase in the human population, might induce farmers to increase their selection criteria for growing specific varieties for new agro-ecological niches. Farmers have reported a clear increase in the varietal sorghum portfolio managed on a village scale in the last three decades (Costis 2005; Bezançon et al. 2009 ). This result was reflected in both the number of collected accessions and the number of names given by farmers in most of the villages visited in 2003. Seed exchange enhanced by repeated crisis periods might explain the increase in the number of accessions (Bezançon et al. 2009 ) and contribute to the observed increase in genetic diversity.
Our results seem to disagree with the common assumption that climatic changes are factors of decline in varietal and genetic diversity; however, caution is called for. We analysed only two temporal collections, in the light of total annual rainfall, a unique variable which would not be sufficient to consider climate changes over time on this large spatial scale. Lacy et al. (2006) reported that farmers' varietal choice in southern Mali was greatly influenced by the date of onset and the consistency of rainfall. Secondly, while all climatologists agreed with the onset of drought around 1968 and the continuation of relatively low rainfall in the Sahel from then until the mid-1990s, some of them recorded a ''recovery'' of rains in recent years (Olsson et al. 2005; Nicholson 2005; Ben Mohamed et al. 2002) . Lastly, our 1976 collection was also assembled a few years after the serious Sahel drought. Farmers may have adopted a local strategy to respond to climate shifts after that drought. A range of coping (changes in farming practices) and adaptation (utilising the spatial and temporal diversity of the environment) strategies may be used by farmers to respond to climate shift. Thomas et al. (2007) found that generic strategies across regions and specific local strategies have been adopted by farmers in South Africa.
We suspected that if the net change in varietal diversity and allelic richness was positive on a country scale, and in most ''a priori'' groups, there could be a loss or a displacement of some types of accessions, linked to local anthropogenic and/or environmental factors. In Niger, geographical and ethnic patterns of botanical sorghum distribution exist (Deu et al. 2008) . The guinea sorghums are mainly cultivated by the Zarma/Songhai group in Niger, where rainfall is more abundant. Kanuri people, who live in the eastern part of the country, cultivate almost exclusively durra sorghums, which are better adapted to dry areas.
We used structure analysis to assign accessions to genetic groups and to overcome the weakness of temporal analysis based only on names or on botanical classification. Variety names do not accurately reflect genetic distinctiveness because farmers' taxonomies can be typically localized and culturally determined. Striking evidence of cultural taxonomy was noticed in our collection for Socomba and Malle called varieties which all belong to the same sub-race (guinea margaritiferum), but were differentially named by the ethnic groups growing sorghum in Niger: Socomba and Malle were, respectively the translation of ''rice'' in Zarma and Hausa languages. In addition to this ''cultural'' taxonomy, a recent survey conducted by Mekbib (2007) in Ethiopia highlighted that folk descriptors used to discriminate one sorghum variety from another are mostly morphology-related traits (panicle type, seed colour, maturity, plant height, etc.), use-related traits (e.g. stalk sweetness), and biotic and abiotic stress-related traits. In Niger, we also found that most folk names are based on morphological traits. A large share of the names corresponded to ''inclusive'' categories (or upper categories) like Hamo Kwarey for ''white grain sorghum'' and Hamo Kirey for ''red grain sorghum'' in the Zarma language or Fara Dawa and Ja Dawa used in the Hausa language for naming the same categories. Mota (''car'' used to designate short-maturing sorghum) was another popular name corresponding to an inclusive category. Among frequent names, some were specific to morphotypes (Jan Jare, Kaoura, etc.). Finally, the reliability of names as indicators is likely to decrease as the geographical scale of sampling increases and the pairs of varieties differing in names are not equally divergent genetically (Jarvis et al. 2008) . Inclusive categories encompassed varieties belonging to different sorghum races in Niger (Bezançon et al. 2009 ) and in Ethiopia (Mekbib 2007) .
Structure analysis showed that even accessions sharing specific names and showing specific morphological traits could be attributed to different genetic sub-groups. Among Jan Jare accessions (caudatum named by Hausa farmers and characterized by their red grains and fusoid panicles), predominant in sub-cluster b, 17% were attributed to other sub-clusters. This may have been due to gene exchange between varieties or to farmers' local seed selection. As expected, the assignation to different groups appeared more frequent for accessions sharing names corresponding to inclusive categories: accessions named Hamo Kirey were frequent in sub-group a, however, 35% of accessions sharing that name were distributed in four other genetic groups.
We detected no major loss of some types of accessions, as shown by the conserved distribution of accessions in the main two clusters C1 and C2. We only identified a decrease in accessions belonging to one sub-group of durra and intermediate durra from eastern Niger (sub-group g in cluster C2) and a strong increase in accessions from subgroup f (clustering late durra with a crossed peduncle and accessions belonging to the taxon membranaceum (Deu et al. 2008 ). The eight sub-clusters identified by the Bayesian analysis were not affected by a reduction in genetic diversity, as measured with R s and H e . Our findings showed that the spatial distribution of the genetic groups was relatively stable over time. Globally, it was not possible to confirm the hypothesis of a North to South displacement or loss of accessions in any one of the eight genetic sub-groups with SSR markers, even in those that were more adapted to high annual rainfall (guinea or guinea margaritiferum types).
As environmental and socio-economic changes could have impacted on the evolution of diversity on smaller scales, the spatial method (clustering of neighbouring villages) was applied.
A significant but moderate differentiation (F st above 0.018) was found for nine spatial clusters between the two collections. These clusters were localized in two areas (south-western and north-eastern Niger) and displayed a significant increase in allelic richness and/or gene diversity. The increase in allelic richness in these two areas is in line with the marked increase in sorghum accessions and the appearance of accessions belonging to genetic groups which were not represented in the 1976 collection (data not shown). New accessions mainly from cluster 2 were observed in south-western Niger, while the new accessions that appeared in north-eastern Niger were attributed to subgroups a, b and d (within cluster 1) and f (within cluster 2). Most of these new accessions were remote from the barycentre of their genetic groups. This could be indicative of active formal or informal seed exchanges in those two areas. Bezançon et al. (2009) argued that the Gaya and Maradi departments presented the most advanced agricultural development, based on the improvement of traditional crop systems, and that in the latter, sorghum benefited from numerous active development projects. This could have led to enhanced and increased genetic diversity maintained by farmers in this region. Cromwel and van Oosterhoust (2000) also refuted the commonly held assumption that greater contact with extension agents results in farmers being less interested in maintaining a large number of crops and varieties on-farm.
Conversely, the extreme East of Niger appeared as an area that could be threatened by genetic erosion. The marked decrease in allelic richness (and in gene diversity) found in this area was in line with a loss of some accessions attributed to more ''western'' genetic groups. According to farmers interviewed during the 2003 collection, some varieties were recently introduced into this area. These recently introduced varieties were attributed to ''eastern genetic groups'' and were probably recovered from neighbourhood villages. Bezançon et al. (2009) argued that this eastern region has developed irrigated agriculture, and new crops such as peppers are now exploited to the detriment of millet and sorghum. Farmers have probably preferred to devote their time to their new crops and to their traditional and frequent sorghum varieties to the detriment of ''exotic'' varieties that could be more difficult to recover and to maintain in this drier area (Cromwel and van Oosterhoust 2000) .
Surprisingly, the four spatial clusters located at the extreme West of Niger and at higher latitudes, were characterized by a significant decrease in gene diversity but by a significant increase in allelic richness. This could be attributed not to the loss of accessions classified in some genetic groups but by a decrease in frequencies of accessions belonging to the guinea groups (clusters d and e). Perhaps this could be linked to local climate change, as these sorghum types are mostly cultivated in more humid zones.
We have stressed the loss of some accessions belonging to ''exotic'' genetic groups (i.e. not common in the area) on a smaller scale in the extreme East of Niger, and a slight change in western Niger. We could only suspect that the loss of these accessions was their scarceness in this area. This pinpointed the need for further collections to take into account not only richness (as in our collection) but also evenness (frequency). The extent of these two parameters in single-crop studies has been recently proposed by Jarvis et al. (2008) . Brown and Brubaker (cited in Jarvis et al. 2008 ) also suggested that the area planted to a specific variety, an approximation of sample size, could serve as an indicator of genetic diversity for temporal and spatial comparisons.
Our genetic study was based on SSR markers, which are commonly used as neutral and are characterized by high mutation rates (Vigouroux et al. 2002) . For the short time scale we considered, their high variability might not have caused problems and the conclusions are certainly robust to their high mutation rates. Genome-wide analysis reveals that microsatellite diversity is not generally associated with adaptation and seems to behave and mostly fit a neutral evolution, as previously shown in sorghum (Casa et al. 2005) and maize (Vigouroux et al. 2005) . So for our study they certainly mainly reflected the ''neutral history'' of the sample. However, it would be interesting to also investigate adaptation of varieties across the two temporal samples. This highlighted the need to also compare the evolution of varieties with morphological traits as well as SNP markers linked to adaptive traits. In the future, such an analysis could provide a clearer understanding of the dynamics of neutral and selected diversity.
Conclusion
Our study revealed that no major loss in genetic diversity has appeared in Niger over the last 26 years.
However, it also confirmed the uneven evolution of allelic richness and gene diversity driven by socio-economic factors that are not constant across regions, and for some of them, greatly dependent on the cultural identity of farmers. This emphasized the need in further studies to include not only additional localized climatic data (rainfall per day, number of rainy days per month, number of dry spells, etc.), but also socio-economic and anthropological data, and even additional years of collection to better understand the evolution of genetic diversity in cultivated species. Specific surveys on seed exchanges could also greatly contribute to a better understanding of evolution in the genetic diversity and adaptation of landraces. In pearl millet, AFLP markers have been successfully used in a seed flow study. They demonstrated that farmers' strategies for seed exchanges varied between villages in southwestern Niger (Allinne et al. 2008 ). Finally, this study showed that some contrasting results could be obtained when the dynamics of genetic diversity in cultivated species were analysed with different indicators, such as gene diversity and allelic richness. This was emphasized in the four clusters located in the extreme West of Niger. Diverging trends between heterozygosity and allelic richness were first highlighted with isozyme markers in the European Beech by Comps et al. (2001) . The larger coefficients of differentiation obtained with allelic richness compared to those based on gene frequencies raises the question of the suitability of classical measures of F st for genetic dynamic studies, as allelic richness is considered more important, especially in the field of conservation genetics (El Mousadik and Petit 1996; Petit et al. 1998) .
From a methodological perspective, our study shows that using different spatial scales and combining spatial scale with genetic groups yields deeper information about temporal variation in allele frequencies and richness and provides a clearer understanding of the underlying processes at work. However, the identification of appropriate spatial and temporal scales is still a challenge. Additional research is needed to understand the exact implications of varying scales and sampling configurations and to develop analytical approaches that effectively account for the spatio-temporal dynamics associated with environmental, socio-economic, cultural and genetic data. In addition, genetic variation can be spatially structured for many reasons (e.g., social interactions, historical influences, etc.). Thus, effective use of GIS to create precise maps of both small and large-scale features is crucial for correct inferences on the evolutionary forces that have shaped the observed distribution of genetic diversity and for the implementation of in situ conservation programmes.
